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ABSTRACT 
Penta-graphene is the name given to a novel puckered monolayer of carbon atoms 
tightly packed into an inerratic pentagonal network, theoretically, which exhibits 
excellent thermal and mechanical stability and can be rolled into penta-graphene 
nanotubes (PGNTs). Herein, we perform the first simulation study of mechanical 
properties of PGNTs under uniaxial tension. In addition to comparable mechanical 
properties with that of carbon nanotubes (CNT), it is found that PGNTs possess 
promising extensibility with typical plastic behavior due to the irreversible pentagon-
to-polygon structural transformation and the hexagon carbon ring becomes the 
dominating structural motif after the transformation. The plastic characteristic of 
PGNTs is inherent with strain-rate and tube-diameter independences. Moreover, within 
ultimate temperature (T < 1100 K), tensile deformed PGNTs manifest similar phase 
transition with an approximate transition ratio from pentagon to hexagon. The intrinsic 
insight provides a fundamental understanding of mechanic properties of PGNTs, which 
should open up a novel perspective for the design of plastic carbon-based nanomaterials.  
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INTRODUCTION 
Carbon has abundant and various allotropes in different dimensions, ranging from 
three-dimensional (3D) diamond and graphite to well-known two-dimensional (2D) 
graphene,1 quasi-one-dimensional (1D) nanotubes,2 and zero-dimensional (0D) 
fullerenes.3 In the past few decades, extensive studies have been carried out to probe 
the excellent physical, electronic, and mechanical properties of low-dimensional carbon 
polymorphs and their derivatives, both in scientific research and engineering 
application. Triggered by the intriguing behavior of low-dimensional carbon 
nanomaterials, myriad of novel 2D carbon allotropes have been predicted theoretically 
and even been synthesized successfully (e.g., graphdiyne). Recently, Zhang et al. 
proposed a new 2D metastable carbon polymorph, penta-graphene, composed entirely 
of carbon pentagons and resembling the Cairo pentagonal tiling, which can be 
exfoliated from T-12 carbon.4 First-principle calculations demonstrated that penta-
graphene possesses dynamical, thermal and mechanical stability.4-5 Several followed 
studies found that penta-graphene exhibits lower thermal conductivity compared with 
graphene6-7 and its nanoribbon structure has a relatively stable band gap.5 Sun et al. 
characterized the mechanical behavior of monolayer penta-graphene under multi-axial 
loading using density functional theory (DFT) calculations which indicates that penta-
graphene has lower Young’s modulus compared to graphene (in the same order of 
magnitude).8 
Penta-graphene monolayer can be rolled into a pentagon-based nanotube, namely, 
penta-graphene nanotube (PGNT). Theoretical calculations have confirmed the 
mechanical and thermal stability of PGNT and demonstrated that PGNTs are 
semiconducting with regardless of chirality.4 As a new 1D carbon nanostructure, a 
natural question arises, how it may differ from existing 1D carbon nanomaterials, such 
as carbon nanotube (CNT) and the recently synthesized diamond nanothread.9-10 From 
the perspective of morphology, although analogue to CNT, PGNT has rough inner and 
outer surfaces due to the corrugated nature of penta-graphene. CNT has been widely 
used as a reinforcement in some nanocomposites to make them self-lubricating due to 
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their lubricious nature,11-12 PGNT may also own a potential application prospect similar 
to CNT. To our knowledge, the fundamental understanding of mechanical properties of 
PGNT is still lacking. Earlier studies found that penta-graphene begins to degenerate to 
a graphene-like hexagonal structure at a critical strain of 5.1%, and behaves plastically 
beyond this critical strain.13 Inspired by this, it is of great interest to probe whether the 
tube structure will inherit such unique feature.  
Therefore, based on large-scale molecular dynamics (MD) simulations, this work 
is intended to probe the mechanical properties of the PGNT. From the uniaxial tensile 
test, we observe a clear transition from pentagonal form to hexagonal structure and a 
plastic behavior associated with this transition process, which does not change with the 
varying diameter or temperature. 
 
COMPUTATIONAL METHODS 
Using classical molecular dynamics (MD) simulations, mechanical properties of 
PGNTs under uniaxial tension are investigated in this paper. As illustrated in Figure 1, 
PGNT can be formed by rolling up a penta-graphene sheet along the (n, m) chiral vector. 
The radius (R) and unit length (Lunit) of the tube can be estimated from 
2 2 /2R a n m     and 
2 2
unitL a n m   , respectively (a = 3.64 Å is the lattice 
constant of penta-graphene).4 The DFT calculations suggested that PGNT is stable 
when m = n. To assess the mechanical properties of PGNT, a representative (8,8) 
nanotube with the length of ~16 nm has been selected. The ReaxFF reactive force filed 
was adopted to describe the atomic interactions between carbon atoms, which is a 
general bond-order-dependent force field that provides accurate descriptions of bond 
breaking and bond formation.14 This force field has been successfully applied to 
investigate the chemomechanical behavior of graphene under impact,15 as well as the 
mechanical properties of graphyne,16 carbine,17 and diamond nanothread.17  
The initial equilibrium structure of PGNT was achieved by conjugate gradient 
energy minimization method. Then the system was equilibrated using Nosé-Hoover 
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thermostat18-19 for 100 ps. Periodic boundary conditions were applied along the length 
direction during the relaxation process. A low temperature of 10 K was selected to 
alleviate the influence from thermal fluctuations. After relaxation, the structure was 
switched to non-periodic boundary conditions, and a constant velocity (2 × 10-5 nm/fs) 
was applied to the right end of the tube (with the other end being fixed). The sizes of 
two fixed ends were both set as ~3 nm, and thus the strain rate is about 2 × 10-6 fs-1. 
The simulation was continued until the failure of the tube. A time step of 0.05 fs was 
used for the velocity-Verlet integrater. All MD simulations were performed using the 
LAMMPS program.20  
During the uniaxial tension, the atomic virial stress was calculated as:21 
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where i  , mi, and vi denote the effective volume, mass, and velocity of atom i, 
respectively. Fij and rij are the force and distance between atoms i and j; and the indices 
α and β represent the Cartesian components. To estimate the effective atomic volume, 
PGNT is approximately regarded as a hollow cylinder with a thickness of the penta-
graphene (~3.68 Å). The thickness of the penta-graphene is estimated by simulating a 
multiple layer penta-graphene structure with periodic boundary conditions in the 
thickness direction. The virial stress of PGNT can thus be obtained by averaging the 
atomic stress.  
 
Figure 1. Atomic structure of PGNT (8,8). The top-left shows the structure of penta-
graphene and its unit cell. The top-right shows the partial enlarged detail of PGNT.  
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RESULTS AND DISCUSSION 
Tensile behavior. Figure 2a illustrates the stress-strain curve of the (8,8) PGNT 
under uniaxial tension. Indeed, there exists an evident plastic deformation period 
besides the elastic portion, similar as observed from penta-graphene.13 In first, PGNT 
behaves elastically until the strain approaches 0.062 (with the stress around 56 GPa). 
The inflection point is marked as “A” to denote the end of the elastic stage. Then, PGNT 
manifests obvious plastic behavior with large strain range (0.062 < ε < 0.61) and stress 
fluctuation (25 GPa < σ < 100 GPa). In particular, in this plastic deformation, the stress-
strain curve first increases and then suddenly drops by about 60 GPa at ε = 0.12. 
Subsequently, the stress displays a jagged increase with further tensile loading. When 
the strain is beyond 0.61, the stress suddenly drops to 0 GPa (marked point “B”), 
indicating the final failure of PGNT. Moreover, the elastic and plastic deformations are 
also well demonstrated by the changes of potential energy (PE) density shown in Figure 
2b. The inset in Figure 2b indicates a good parabolic relationship between the PE 
density and the tensile strain in the elastic stage. After the inflection point, the PE 
density exhibits three different regions, corresponding to different features in the plastic 
deformation.  
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Figure 2. Comparisons of the mechanical properties between (8,8) PGNT and (10,10) CNT. (a) and 
(b) The stress and PE density as functions of tensile strain in the simulation of PGNT. The inset in 
(b) shows the fitting of PE density in the elastic stage. (c) and (d) The stress-strain curve and 
corresponding PE density of CNT.  
 
To assess the mechanical properties, the linear regime of stress-strain curve in the 
elastic stage is fitted through σ = E(ε – ε0) + σ0 using the linear regression,17, 22-24 which 
yields to an effective Young’s modulus E = ~931 GPa. This value is closed to that 
extracted from the PE curve according to U = Eε2/2 + U0 (about 895 GPa). According 
to Figure 2a, the (8,8) PGNT has a yield strength of 56 GPa and a failure strength of 90 
GPa. Corresponding yield strain and failure strain are 0.062 and 0.61, respectively. Of 
interest, we carried out a simulation of (10,10) CNT with the same simulation setup as 
a comparison, which possesses a similar diameter with that of (8,8) PGNT. In contrast, 
CNT exhibits a classical brittle characteristic without plastic deformation (Figure 2c,d). 
Although CNT has higher elastic modulus (~1477 GPa) and yield strength (~160 GPa), 
the failure strain of CNT is only ~0.15, which is much smaller than that of PGNT.  
Deformation mechanisms. To gain more insight into the deformation mechanisms 
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of PGNT under uniaxial tension, atomic configurations of PGNT during the tensile 
process are investigated. For such purpose, the number of different carbon polygons is 
counted (Figure 3a), including trigonal (C3), tetragonal (C4), pentagonal (C5), 
hexagonal (C6), heptagonal (C7), and octagonal (C8). As expected, during the elastic 
deformation period, only bond stretching event occurs, and thus all of carbon polygons 
are C5. The atomic configuration in Figure 3b indicates that there is a strong local stress 
concentration in the structure when ε = 0.06.  
When the strain is beyond the yield strain, the deformation displays typical plastic 
behavior. The plastic deformation stage of PGNT can be divided into three sub-stages. 
In the stage-I, the number of C5 shows a sharp drop due to the bond breaking among 
adjacent pentagons (Figure 3c), whereas, the number of C8 increases significantly. The 
stress-strain curve in Figure 2a exhibits a transient jagged platform followed by a linear-
like increase in this stage, demonstrating the bond breaking of C5 and the formation of 
more defects. In the stage-II, the number of different polygons exhibits remarkable 
changes. Note that, a sudden drop of stress-strain curve arises at the boundary between 
the stage-I and stage-II. Correspondingly, numbers of C5 and C8 display sudden inverse 
changes. Bond breaking at the end of stage-I has greatly released the local stress. The 
rapid drop of C8 and the dramatic change of C5 at ε = 0.12 indicate the bond rebuilding 
of dangling atoms near defects. With increasing tensile strain, the number of C5 shows 
a gradual decrease, while that of C6 displays a continuous increase from zero and 
reaches a stable value (~400) when ε > 0.4. Those significant changes of numbers of 
different polygons signify a phase transition phenomenon in this sub-stage. Meanwhile, 
the corresponding stress-strain curve manifests drastic jagged fluctuation. In the 
beginning of stage-III, the number of each polygon reaches corresponding stable value, 
indicating the formation of metastable structure and the finish of pentagon-to-polygon 
transformation. In particular, C6 becomes the dominating structural feature due to its 
large proportion (> 50%). Thus, the deformed PGNT can be regarded as a CNT with 
some geometrical defects (e.g., C5 and C7). Note also that, the stress-strain curve 
(Figure 2a) in this sub-stage shows a linear-like sharp increase from 50 GPa to 100 GPa 
with the strain ranging from 0.41 to 0.5, which is mainly due to that bonds are being 
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stretched again without transformation of polygonal carbon rings. The stable tendency 
of the number of each polygon has continued until the failure of the whole structure 
(Figure 3e).  
 
 
Figure 3. (a) Statistical numbers of different polygons as functions of the tensile strain. Atomic 
configuration of the PGNT: (b) ε = 0.06, colored by atomic stress, (c) ε = 0.1, stage-I of plastic 
deformation, (d) ε = 0.3, stage-II of the plastic deformation, and (e) ε = 0.6, the failure of PGNT. 
Only half of the tube is visible in (b-d) for visualization clearance.  
 
To further verify the inherent plastic deformation of PGNT, we examined the 
structure under different strain rates and loading modes. We firstly verified the elasticity 
of PGNT, that is, the strained PGNT can fully recover to its initial structure in the 
release process when the strain is lower than the elastic strain limit (~0.061). Whereas, 
when the strain ε > 0.061, the deformed PGNT cannot recover due to the irreversible 
structural transformation. These results further approve that PGNT undergoes a plastic 
deformation during the tensile process. More importantly, it is worth noting that the 
strain rate might influence the deformation behavior of PGNT. In this regard, we chose 
another two different strain rates (1 × 10-6 fs-1 and 4 × 10-6 fs-1), which yield to almost 
overlapped stress-strain curves (Figure 4) with Young’s modulus of 895 and 886 GPa 
(calculated by PE density fitting), respectively. Therefore, the strain rate (2 × 10-6 fs-1) 
applied in this study exerts ignorable impacts on the deformation behavior. We also 
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employed another tensile loading scheme, i.e., imposing a constant strain rate to the 
whole structure rather than a constant velocity to one end. Again, we obtained similar 
simulation results with clear elastic and plastic deformations (magenta line with 
rhombic symbols in Figure 4). Overall, unlike CNT, PGNT exhibits inherited plasticity 
from the penta-graphene, and experiences a significant irreversible structural phase 
transition during the plastic deformation.  
 
 
Figure 4. Stress-strain curves of the (8,8) PGNT under different strain rates. The “S” represents the 
PGNT being deformed by applying a constant strain rate.  
 
Diameter and temperature impacts. We further assessed the generality of the 
plastic characteristic of PGNT. Initially, we simulated PGNTs with different (n, m) 
indexes ranging from (4,4) to (12,12). It is found that all PGNTs exhibit a similar 
deformation behavior, i.e., an evident plastic deformation period with phase transition 
after the elastic deformation. As compared in Table 1, the effective Young’s modulus is 
generally independent of the diameter, which is same as observed in CNT.25 Meanwhile, 
no clear relationship is observed between the diameter and yield strength/strain or the 
failure strength/strain. Strikingly, comparing the yield strain and the failure strain, all 
examined PGNTs manifest a similar plastic strain range (~0.06 < ε < ~0.6) where the 
plastic deformation occurred.  
 
Table 1. Mechanical properties of PGNTs with different diameters. E is Young’s modulus (GPa), σy 
and σf represent yield strength (GPa) and failure strength (GPa); εy and εf represent yield strain and 
failure strain. Note that, for some cases monoatomic chain will be generated at the deformation front 
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of the PGNT before final failure. In this scenario, the strain/stress before the formation of 
monoatomic chain is regarded as the failure strain/strength. 
(m, n) (4,4) (5,5) (6,6) (7,7) (8,8) (9,9) (10,10) (11,11) (12,12) 
E 704 721 833 880 895 899 895 888 902 
y  38.4 49.0 53.8 30.2 55.9 57.9 46.9 49.3 38.6 
f  83.9 100.2 98.42 93.85 90.3 93.6 96.9 91.1 84.3 
y  5.1 7.8 5.9 5.9 6.2 6.1 6.3 6.0 6.3 
f  42.7 60.8 55.4 55.2 58.2 53.8 52.1 55.0 60.7 
 
The potential temperature influence on mechanical properties of PGNTs is also 
acquired. Specifically, we compared the mechanical performance of the (8,8) PGNT 
under the temperature ranging from 10 to 2000 K. It is found that at higher temperature 
(> 1100 K), PGNTs will undergo phase transitions during relaxation processes (without 
any external loading). Such thermal-induced phase transition phenomenon is consistent 
with the previous studies on penta-graphene, in which high kinetic energy (i.e., 
temperature) is found to overcome the energy barrier and trigger the transition from 
pentagonal to hexagonal carbon rings.13 The observation also agrees with the ab initio 
calculations, in which penta-graphene is found to be able to withstand a temperature 
about 1000 K.4  
For other examined temperatures from 10 to 1100 K, similar phase transition 
processes were detected during the plastic deformation. As illustrated in Figure 5a, the 
carbon ring ratio shares a similar profile under different temperatures. Here, we propose 
the carbon ring ratio, 𝜇𝐶𝑅 = 𝑁C6/𝑁𝐶5
0 , as an indicator of the phase transition, which is 
defined as the ratio between the number of hexagonal carbon rings 𝑁C6  and the 
number of initial pentagons 𝑁𝐶5
0  . According to Figure 5a, the carbon ring ratio 
maintains zero during the elastic deformation period. Thereafter, it increases with strain 
and saturates to a certain value until the final failure. Strikingly, the final carbon ring 
ratio 𝜇𝑎𝑣𝑒
𝐶𝑅  is found to fluctuate around a value of 0.34 when temperatures change from 
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10 to 1100 K. Here, 𝜇𝑎𝑣𝑒
𝐶𝑅  is estimated by averaging 𝜇𝐶𝑅  after final fracture (i.e., 
between strain 0.7 to 0.9). We note that 𝜇𝐶𝑅  maintains almost constant after failure 
with further simulation, indicating maximum phase transition during the tensile 
deformation. Such observation can be explained from the perspective of the maximum 
allowable transition ratio. That is, for a given PGNT, the total energy required to achieve 
the maximum transition ratio from pentagon to hexagon is a constant and independent 
of the contribution between tensile strain energy and kinetic energy. It is regarded that 
the accumulated tensile strain energy is able to lead to the full phase transition of PGNTs 
whatever the temperature is employed, and therefore induces a similar 𝜇𝑎𝑣𝑒
𝐶𝑅   as 
observed in Figure 5b. 
 
Figure 5. (a) The carbon ring ratio 𝜇𝐶𝑅 = 𝑁C6/𝑁𝐶5
0  as a function of strain at different temperatures 
for (8,8) PGNT. (b) The final carbon ring ratio 𝜇𝑎𝑣𝑒
𝐶𝑅  as a function of temperature from 10 to 1100 
K. 
 
CONCLUSION 
In summary, the mechanical properties of penta-graphene based nanotube structure 
(PGNT) have been acquired through large-scale MD simulations. It is found that PGNT 
has comparable mechanical properties with that of the CNT. However, unlike the brittle 
CNT, PGNT exhibits a large extensibility (with failure strain exceeding 60%) and 
behaves plastically during tensile deformation. The plasticity is inherently originated 
from the phase transition from pentagonal to polygonal (including trigonal, tetragonal, 
hexagonal, heptagonal, and octagonal) carbon rings. The plastic characteristic of 
PGNTs is intrinsic with tube-diameter and strain-rate independences. Additionally, 
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within ultimate temperature (T < 1100 K), tensile deformed PGNTs manifest similar 
phase transition with an approximate transition ratio from pentagon to hexagon. For a 
given PGNT, the total energy required to achieve the maximum transition ratio from 
pentagon to hexagon is a constant and independent of the contribution between tensile 
strain energy and kinetic energy. This study has provided a fundamental understanding 
of the mechanical properties of PGNTs under uniaxial tension, which should shed lights 
on the design and application of plastic carbon-based nanostructures.  
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